The study was conducted in Lake Długie located in Olsztyn, the Masurian Lake District. In the 1950s and in the 1960s, Lake Długie was used for 20 years as a collector of raw domestic and storm sewage. This has led to complete degradation of the lake. After preliminary protection measures implemented in the catchment, the lake was restored by artificial aeration and phosphorus inactivation methods. Long-term recultivation of the reservoir resulted in a significant and long-lasting improvement of the water quality. Before restoration, the average concentration of organic phosphorus in the surface water layer amounted to 0.166 mg Porg l -1 and of organic nitrogen − to 3.0 mg Norg l -1 . After restoration, these values decreased to 0.058 mg Porg l -1 and 2.0 mg Norg l -1 . The results obtained eight years after the recultivation of Lake Długie are extremely interesting. The amounts of chlorophyll a did not exceed 7 µg l -1 , water transparency remained at a depth of 2.9 m, and BOD5 did not exceed 2 mg O2 l -1 . These observations show that during implementation of recultivation treatments, only chemical parameters of the water significantly changed, while biological elements reacted to the treatments with some delay.
INTRODUCTION
Rapid acceleration of eutrophication forced to seek effective methods of reversing or at least slowing down this process and its negative consequences: reduction of the water disturbance in the balance of oxygen, the hydrogen sulfide formation and nitrogen and phosphorus internal loading from bottom sediment. In order to improve the quality of lacustrine water in Poland and all over the world, many restoration treatments (technical or biological) have been implemented, the main objective of which is permanent immobilization of nutrients in sediment or removal of their excess from a lake (Dunst et al. 1974; Klapper 1991 Klapper , 2003 Cooke et al. 2005) . The significant reduction in the amount of nutrients contained in the water, especially phosphorus (Tammeorg et al. 2014) , after application of recultivation methods, caused a decrease in the productivity of a water body, which was defined by Peterson (1980) as an amount of organic matter and energy produced per unit of time by aquatic organisms living in a given ecosystem. Karlsson et al. (2009) argue that the lake productivity is the rate of biomass synthesis in a water reservoir. According to Nara et al. (2005) and Romero-Viana et al. (2009) , the examined issue is a very complex process dependent on the interaction between physical (temperature, light conditions, water dynamics, turbulence caused by wind), chemical (nutrient content in the euphotic layer) and biological factors, including planktonic organisms.
According to Lewis (2011) , the value of biological production in a lake depends on the depth of water mixing, which affects the thickness of a layer where nutrients are distributed. However, many researchers stress that the availability of nutrient salts is the most important factor determining the amount of organic matter produced (Vadeboncoeur et al. 2001 , Blindow et al. 2006 , Dunalska 2011 .
The following parameters reflect the amount of organic matter produced in the reservoir: biochemical oxygen demand (BOD5) and the concentration of organic phosphorus, organic nitrogen and total organic carbon. Whereas, the water transparency and the amount of chlorophyll a inform about the size of the primary production.
The aim of the study was to investigate the longterm changes in the values of organic matter indicators and parameters reflecting the size of the primary production in Lake Długie, which was reclaimed using two methods: artificial aeration and phosphorus inactivation.
MATERIALS AND METHODS

Study area
The presented research was conducted on Lake Długie, an urban lake situated in the west of the Olsztyn city (North-Eastern Poland). Lake Długie is an elongated water body with the surface area of 26.8 ha (Table 1) . The lake basin is divided into three parts: a shallow (3 m) and small (2.3 ha) southern bay, the deepest (17.3 m) and the largest (13.4 ha) middle part and the northern bay with the maximum depth of 5 m and 11.1 ha surface area (Fig. 1) . The lake water volume amounts to 1414.8 thousand m 3 . It does not have natural surface runoff and inflows. For 20 years, i.e. from the mid-1950s to the mid-1970s, Lake Długie served as a domestic and storm raw wastewater collector (from 350 to 400 m 3 per day). The volume of raw sewage discharged into the lake during that time was 1.5 times larger than the whole volume of the lake. This led to a complete degradation of the lake referred to as saprotrophic conditions. The conditions of the lake changed from saprotrophic to hypertrophic when the discharge of sewage was terminated. Further improvement of the environmental conditions in the lake was possible only through implementation of an appropriate rehabilitation method.
Artificial aeration with thermal destratification was the first method used for the rehabilitation of Lake Długie. This procedure was carried out over 10 years, and consisted of two stages: -during the first stage (in 1987, 1988, 1989, 1990) , three "mini-flock' type aerators were used, located in the central, deepest part of the lake and coupled with a compressor with the approximate capacity of 150 m 3 h -1 ; -during the second stage (in 1991, 1992, 1993, 1994, 1995, 1997, 1998, 2000) , two compressors (working alternately) with the capacity of ca. 80 m 3 h -1 were used together with two "mini-flock" aerators, located in the deepest part and in the northern part of the lake. The main reason for changing the aeration system elements (such as the compressor type, location of 
Fig. 1. Bathymetric map of Lake Długie
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www.oandhs.org aerators and the type of pipes supplying the compressed air into aerators) was the fact that the original system failed to mix the water column thoroughly (Grochowska & Gawrońska 2004) . Subsequently, phosphorus inactivation with a new generation aluminum coagulant called PAX 18 was deployed to restore Lake Długie. The treatment was carried out in three stages: in spring 2001, autumn 2002 and in autumn 2003. Each time, 20 t of the coagulant was dosed. The coagulant was dosed from barrels on boats and distributed over the entire lake surface through perforated tubes.
Sample collection and chemical analysis
Chemical analyses were performed on water samples collected in the central and the deepest part of Lake Długie (1 m under the water surface and 1 m above the bottom). Water for analysis was collected at monthly intervals during the period from July to September 1984 (before restoration), from April to September 1987 September , 1998 September and 2000 , from April to September 2001 September , 2002 September and 2003 and from April to September 2011 (post-experimental year). The biochemical oxygen demand (BOD5), the concentration of organic phosphorus, organic nitrogen and total organic carbon in the water and the amount of chlorophyll a were determined according to the guidelines presented in the Standard Methods (1980) and by Hermanowicz et al. (1999) . Water transparency was measured using a Secchi disk.
Statistical analysis
The obtained results were statistically analyzed (oneway ANOVA, p = 0.05, Tukey HSD) using the Statistica 9.0 software package (Statsoft inc. Statistica 2010). The tested alternative hypothesis was related to the existence of significant differences between the average concentrations of nitrogen compounds between the control (1984) and the experimental years (1987, 1998, 2000 − artificial mixing, 2001, 2002, 2003 -phosphorus inactivation) and postexperimental year (2011).
RESULTS
The statistical analysis showed highly significant differences in the average content of organic phosphorus, organic nitrogen, TOC, BOD5, chlorophyll a in the water, and in the water transparency between all the study years (Table 2) .
Before reclamation, an average concentration of organic phosphorus in the surface water layer was 0.166 ± 0.022 mg Porg l -1 (Fig. 2) . During artificial aeration, mean values decreased to 0.142 ± 0.037 mg Porg l -1 in the first year (1987) and to 0.084 ± 0.039 mg Porg l -1 in 1998 (two years before the termination of artificial aeration). The P inactivation method caused further reduction in the amount of organic phosphorus to 0.058 ± 0.0063 mg Porg l -1 at the surface (Fig. 2) . In 2011, the average P concentration decreased to 0.048 ± 0.008 mg Porg l -1 (Fig. 2) .
In the control year (1984), the average amount of organic nitrogen in the surface of the water column fluctuated around 3.00 ± 0.55 mg Norg l -1 (Fig. 3) . During the artificial aeration as well as during phosphorus inactivation, the average content of organic nitrogen in the surface water layer ranged from 1.20 to 2.40 ± 0.30 mg Norg l -1 (Fig. 3) . In the post-experimental year (2011), the mean Table 2 Results of one-way ANOVA analysis (with Tukey HSD) for the studied variables in the water of Lake Długie 1987, 1998, 2000, 2001, 2002, 2003, 2011 Fig. 2. Mean annual values of organic phosphorus content (± SEM) in the water of Lake Długie concentration of organic nitrogen was 1.90 ± 0.66 mg Norg l -1 at the surface (Fig. 3) . During artificial aeration, the mean content of TOC ranged from 10.3 ± 0.085 to 12.0 ± 1.04 mg l -1 (Fig. 4) . Phosphorus inactivation method caused a slight decrease in TOC values, the average level of which oscillated around 11.0 ± 1.02 mg l -1 (Fig. 4) . Eight years after the termination of reclamation procedures (2011 year), the mean value of this parameter amounted to 9.0 ± 0.17 mg l -1 (Fig. 4) . In 1984, before the restoration of the lake, the value of BOD5 in the surface water layer was 6.7 ± 2.8 mg O2 l -1 (Fig. 5) . Implementation of the artificial aeration procedure in 1987 resulted in an increase in BOD5 values, especially in the surface water layer (Fig. 5) . In the last year of artificial mixing, the average values of BOD5 decreased and oscillated around 4.7 ± 0.539 mg O2 l -1 (Fig. 5) . When the phosphorus inactivation treatment was carried out on the lake (2001) (2002) (2003) , the average values of BOD5 in the upper water layer ranged from 2.2 to 4.3 mg O2 l -1 (Fig. 5) . In the post experimental year, a slight increase in BOD5 at the surface water layer was observed (mean values 2.0 ± 0.6 mg O2 l -1 ) (Fig. 5) . The average amount of chlorophyll a in the water during the control year (1984 year) was 63.4 ± 5.54 µg l -1 . The beginning of artificial aeration with thermal destratification caused a marked decline in the concentration of chlorophyll a in the lake (Fig. 6) .
In the last year of the lake aeration (2000), the average chlorophyll a concentration at the surface was 29.4 ± 4.27 µg l -1 (Fig. 6) . In 2001-2003, during the phosphorus inactivation, the average amount of The influence of recultivation techniques on primary production processes| 215 www.oandhs.org chlorophyll a ranged between 8.76 and 0.44 µg l -1 (Fig. 6 ). In the post experimental year (2011), a further decrease in the chlorophyll a content was observed − mean values 7.39 ± 1.25 µg l -1 (Fig. 6) . Before restoration (1984) , the average value of water transparency was 0.3 m (Fig. 7) . Artificial aeration resulted in almost a threefold increase in this parameter (Fig. 7) . During aeration, the mean water transparency oscillated around 1 m (Fig. 7) . The phosphorus inactivation method caused further improvement of water transparency, with the average level of 2 m in the last year of treatment (Fig. 7) . Eight years after the termination of the reclamation procedures (2011 yr), the mean value of this parameter amounted to 2.9 m (Fig. 7) .
DISCUSSION
For 20 years (from the mid-1950s), Lake Długie served as a domestic and storm wastewater collector. This had led to saprotrophic conditions, i.e. a complete degradation of the lake. Besides the extremely high concentration of total nitrogen (30 mg l -1 ) and total phosphorus (12 mg P l -1 ), also high amounts of organic matter were recorded in the lake. BOD5 values were 75 mg O2 l -1 , COD-Mn − 42 mg O2 l -1 , and the loss on ignition − 155 mg l -1 . Sewage discharge into the reservoir also had a negative impact on the biological components of the ecosystem. The growth of phytoplankton biomass observed in the water of Lake Długie was reflected in extremely high values of chlorophyll a − on average 200 µg l -1 , with a maximum value of about 500 µg l -1 (Mucha & Rybak 1979) . The species-poor phytoplankton was characterized by a clear dominance of cyanobacteria and green algae (Rodziewicz & Rybak 1979) . A study done by Gawrońska (1984) after cutting off the sewage inflow showed a distinct change in the content of organic compounds and nutrients in the water of the reservoir, but there were no obvious changes in the water quality. Cutting off the sewage inflow caused transformation of the lake from saprotrophic into hypertrophic conditions. Further improvement of the environmental conditions in the lake was possible only after the implementation of the appropriate rehabilitation method.
It is commonly known that the aim of every restoration method is precipitation of nutrients from the water column and their neutralization in bottom sediment, or removing from the lake ecosystem (Klapper 2003 , Cooke et al. 2005 . As a result of those actions, it is possible to reduce the content of nutrients in a given ecosystem, as well as to decrease the reservoir productivity, because (according to many researchers: Robarts 1983 , Brooks & Zastrow 2002 , Dunalska et al. 2012 , Finger et al. 2013 ) the most important factor which determines the pool of organic compounds produced in a water body is abundance of nutrients (especially nitrogen, phosphorus and carbon). With a higher concentration of those elements in the water, the trophic status of a reservoir and its ability to produce the organic matter increases.
Recultivation of Lake Długie by artificial aeration with destratification was started in 1987. Starting the artificial aeration radically changed the environmental conditions in Lake Długie. Thermal and chemical destratification of the lake was achieved through the introduction of the compressed air over the deepest place of the lake. Compressed air bubbles push nearbottom water toward the surface where it is warmed and oxygenated; afterward it sinks back to the hypolimnion, although to a slightly less deep layer in accordance with the new mass density. A repeated transfer of water from the bottom upward and downward back to the hypolimnion equalizes the water temperature in the whole water volume of the lake. The effect of applying the artificial aeration method was a tenfold reduction in the amount of total nitrogen and total phosphorus ). The obtained reduction in the amount of nutrients was primarily related to the improvement of oxygen conditions in the lake, especially in the bottom water layer. The increase in the oxygen Fig. 7 . Mean annual values of water transparency (± SEM) in Lake Długie amount at the bottom water layer facilitated binding of mineral phosphorus with iron or manganese in sediment and occurring of the nitrification process. Nitrates produced in the nitrification process were moved to the bottom sediment where they can be reduced to gaseous nitrogen in anoxic conditions (denitrification). According to Helmroos et al. (2012) and Ok-Sun et al. (2011) , denitrification is the main process leading to the loss of nitrogen from aquatic ecosystems.
Despite such an apparent reduction in the nitrogen and phosphorus concentrations in Lake Długie, algal blooms were still observed, especially in the spring and late summer. Although values of primary production indicators have improved during artificial aeration, and the average amount of chlorophyll a does not exceed 30 µg l -1 , and the transparency of water, which previously remained at 0.3 m oscillated around 1 m (Figs 6, 7), however, these values were not satisfactory. According to Imboden (1992) , major reduction of phytoplankton blooms in the lake would guarantee a spring TP concentration not exceeding 30 μg P l -1 . During artificial aeration of the analyzed lake, such low phosphate concentrations were not obtained because of the nature of bottom sediment, characterized by a low sorption capacity resulting in small concentrations of iron and manganese, which bind phosphorus. Bottom sediments of Lake Długie was characterized by low concentration of those elements; in addition, a significant part of them was blocked in the form of sulfides (Brzozowska & Gawrońska 2005) . Obviously, a huge pool of phosphorus was immobilized in the bottom sediments, but at such high concentration that remained in the water due to pollution, the low sorptive capacity of sediment prevented further binding of phosphorus, thus limiting the primary production. However, the productivity of the lake was reduced. Reduction in the primary production value in Lake Długie during artificial aeration can be explained mostly by destruction of a microlayer necessary for the development of algae, due to an increase in carbon dioxide and lower pH, which occurred due to the constant mixing of the entire water column . Furthermore, water mixing pushes algae cells into deeper layers where they die due to lack of light. During the artificial aeration, the algae species composition has been improved by reducing the dominance of cyanobacteria in favor of green algae and diatoms. Cyanobacteria do not tolerate an increase in the N:P ratio. Before the restoration, the N:P ratio in the surface water layer ranged from 5.5 to 12 and during artificial aeration − from 8 to 23.
Due to intensive sedimentation of organic seston, which was associated with permanent circulation of the water column, the content of organic compounds has also been reduced. The average amount of both organic nitrogen and organic phosphorus was reduced by half, and TOC values decreased from 11 to 10 mg l -1 . The low content of iron and manganese in the sediment and the absence of these metals in the water column have indicated that further improvement of water quality by the artificial aeration method was impossible. Thus the decision was made about using the P inactivation method. The method is based on the precipitation of phosphorus from the water and blocking it in the bottom sediment in order to obtain better sorptive properties of the bottom sediment by proper coagulant application. Due to the fact that even in the anoxic conditions and low redox potential aluminum forms a durable bond with phosphorus, the aluminum coagulant PAX 18 (polyaluminium chloride, which contains ca. 9% of Al) was applied in Lake Długie. This product is widely used in water purification plants in Poland and in Europe in order to improve the drinking water quality.
A repeated introduction of small doses of coagulant into the water of the lake resulted in a gradual improvement and stabilization of new environmental conditions in the reservoir, thus eliminating the potential negative effects of these treatments. Precipitation of mineral phosphorus from the water resulted in the major reduction of primary production. The reduced phytoplankton growth was reflected in the reduced chlorophyll a content up to about 10 µg l -1 and increased transparency of the water to nearly 2 m. During the phosphorus inactivation, the N:P ratio increased to the range of 20 -78. Consequently, blue-green algae, characteristic of highly degraded water, were replaced by species occurring in less eutrophic reservoirs − green algae, chrysophytes pennycresses . The maximum phytoplankton biomass did not exceed 15 mg l -1 .
The phosphorus inactivation method did not directly influence the amount of organic phosphorus and organic nitrogen, but two organic forms of nutrients significantly decreased due to reduced productivity of the lake (Figs 2, 3) . Biochemical oxygen demand (BOD5), reflecting the amount of organic matter which is produced in the ecosystem, was only 4 mg O2 l -1 , and TOC amounted to 9 mg l -1 .
The results obtained eight years after the recultivation of Lake Długie was terminated are extremely interesting. The amounts of chlorophyll a did not exceed 7 µg l -1 , water transparency remained at the level of 2.9 m, and BOD5 did not exceed 2 mg O2 l -1 . These observations show that during application of recultivation treatments, the chemical parameters of water were clearly changed and biological elements have reacted to the treatment with some delay.
CONCLUSION
As evidenced by the results of the research on Lake Długie, it is very difficult to obtain a good water quality in the lake degraded by improper human activity. The applied restoration methods led to the improvement of water quality in Lake Długie. The research revealed that combining different restoration methods in one water body can be bring positive results. The currently analyzed lake is moderately eutrophic. Its aesthetic and recreational properties have been restored. The studied lake is one of the few lakes in the world where restoration was successful, and its effects are durable even after many years.
